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CompactionIn this study we present an approach that describes plasticity and deformation behavior of well-known ma-
terials based on analysis of plasticity, elasticity and fragmentary behavior. The powders were compressed
using Korsch XP1, and the correlations between compaction and physical parameters were analyzed by ca-
nonical correlation analysis (CCA). Factor analysis (FA) was employed to normalize compaction work, yield
pressure measurements (YP) and determine elastic stretch for all our sample; these were scored and ranked
accordingly. The canonical variables showed that true density (ρa), compression degree (Cp) and mean par-
ticle size (D50) were associated with plastic coefﬁcient (PL), YP, and fast elastic stretch (FES). When factor
scores were used in combination with original data, the plasticity of our samples was sorted and ranked as
high, intermediate, or low, which are in accord with plasticity rankings previously reported in literature [10].
Hence, physical and compaction data interval was established that evaluated powder deformation behavior dur-
ing compaction. Finally, FA was used to further characterize deformation behavior during compaction.
© 2013 The Authors. Published by Elsevier B.V. All rights reserved.1. Introduction
The KorschXP1 is an inductive single-punch press, which can record
the applied pressure to a powder bed, calculate punch displacement,
measure die wall force, and obtain the contact time between punches
and the powder bed. Once absolute tablet density and weight are
input, the compaction work, Heckle equation, and other compression
parameters can be obtained. Furthermore, such tablet machines can
be controlled online and therefore are able to provide a more produc-
tive and research environment.
Direct compression of tablet formation has a number of advantages
during production, such as lessmachine space, lower labor costs, less pro-
cessing time and less energy consumption, which favors the pharmaceu-
tical industry over traditional wet granulation methods [1,2]. However,erms of the Creative Commons
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compression. Furthermore, slow disintegration rates can occur when
high doses of active ingredient are used, especially those with poor
ﬂow properties and unexpected compactabilities. Therefore, the appli-
cation of direct compression in producing tablets requires further
developments.
Before addressing such issues, it is necessary to fully comprehend
the deforming behavior and compactability of the excipients used in
the direct production of tablets. In fact, because the excipient consti-
tutes a large portion of the tablet, it can profoundly affect or dominate
compaction properties. Therefore, the selection of appropriate excipi-
ents is regarded as the most important aspect of tablet development
and design. The most compressible excipients frequently used in indus-
try include cellulose, lactose, polyols, starch andmineral salts. At present
deformationmechanisms can bemainly explained as plastic ﬂow, brittle
fracture and elastic recovery which are linked to surface contact and
bonding formation of the tablet [3,4]; while high elasticity can reduce
mechanical strength and give rise to capping or lamination [5,6]. Com-
pression behavior greatly depends on how the physical properties of
the powder will respond to pressure. The physical properties of various
excipients can be used to predict compression behavior such as deforma-
tion characteristics, quality, functionality as well as aid in the design of
pharmaceutical formulations [7].
The main methods employed to describe deforming behavior in-
clude the compression model, which is obtained based on the relativeserved.
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changes with applied force, and the compaction energy consumption,
which is obtained by integrating the force-displacement proﬁle. Unfor-
tunately both approaches are known to have limitations after long-term
research [8,9]. Another widely used method for describing deformation
behavior is multivariable analysis namely principle component analysis
(PCA) [10,11], which transforms highly cross-correlated variables into a
new system of principle component variables to shed light on the phys-
ical and mechanical properties of the powder. Factor analysis (FA), an-
other multivariable analysis method, is an extension and expansion of
PCA. Here, more complicated andmixed correlation variables can be in-
tegrated into several factors and applied to explore the measured and
relative indicators, which can be simultaneously classiﬁed on the basis
of combinative evaluation on extracted factors.
However, whether these above methods can be universally utilized
to quantify a variety of materials, especially powder mixtures, has not
been identiﬁed and veriﬁed. This is, in part, due to the time-consuming
and uneconomical nature of the task at hand. We propose that the
cheapest and easiest way to predict and identify the deformation char-
acteristics of a powder or powder mixture is through a physical and
compression data interval like an “ES” (expert system) [12,13]. The
functional area of an ES not only can solve such a problem successfully
but also can be used tomake recommendations, decisions or predictions.
In this study, we have established a data interval applicable in
characterizing the tablet behaviors of powder blends during compaction.
We ﬁrst analyzed the correlation between the physical properties and
compression parameters for a range of powder types according to canon-
ical correlation analysis (CCA).We then investigated the assortment of di-
rectly compressed powders using an analysis of composite factor scores.
Nineteen materials widely were selected that are widely used and
well characterized in tablet production. These were ranked according
to plastic deformation levels and then resulting compaction parameters
were obtained. The ranking and sortation were in agreement with
others in the literature [10,14–16]. The parameters obtained from the
samples were used to establish our compressible and physical data in-
tervals. As reference values, which subsequently were used to predict
and analyze deforming behaviors of some unknown pharmaceutical
powder or powder mixture. We therefore provide a validated and ver-
iﬁed data interval for the evaluation of powder compression behavior
that can be taken into account in future pharmaceutical research.
2. Materials and methods
2.1. Materials
Microcrystalline cellulose (Avicel PH102®, Bath P209820920),
co-processed mixture of mannitol and microcrystalline cellulose (HFE
PH102®, Bath XN06817380) and croscarmellose sodium (Ac-Di-Sol
SD711, Bath TN09820947) were gift samples from FMC biopolymer,
Philadelphia, USA. Mannitol (Pearlitol 200SD-Mannitol®, Bath E665G),
sorbitol (Sweetpearl P300DC®, Bath E200M), and Potato starch® (Bath
VEK47) were donated by Roquette, Lestrem, France. Siliciﬁed micro-
crystalline cellulose (Prosolv SMCC90®, Bath P9S9269; and Prosolv
SMCC50®, Bath P5S9041), co-processed compound of microcrystalline
cellulose, micro-silica, sodium carboxymethyl starch and sodium fuma-
rate (Prosolv EASYtab®, Bath 4381303X), as well as some calcium salts
involving calcium carbonate (Vivapress®, Bath 794590504), diacalcium
phosphate dihydrate (Emcompress®, Bath 7091), calcium phosphate
dibasic anhydrous (Anhudriys Emcompress®, Bath 3009), and calcium
sulfate (Compactrol®, Bath 08021C)were free samples from JRS Pharma,
GMBH & CO.KG, Rosenberg, Germany. Lactose such as agglomerat-
ed lactose (Tablettose 100®, Bath L0946A4023) and spray-dried
lactose (Flowlac 100®, L1006), as well as starches including par-
tially pre-gelatinized starch (Starch 1500®, Bath IN517075), and
co-processed blend of corn starch and pre-gelatinized starch (StarCap
1500®, Bath IN518146) were contributed by Meggle Pharma,Wasserburg, Germany and Colorcon Indianapolis, USA respectively.
Copovidone (Plasdone S-630®, Bath 1272473ACJ5) was also given for
free by ISP Pharmaceuticals, American. Potassium chloride (KCl®, Bath
Q0275) was purchased from Shanghai Yaji Biotechnology Co. Ltd.
2.2. Experimental measurements of physical properties
2.2.1. Flow property
It has been demonstrated that the ﬂow properties of pharmaceutical
powders directly affect die ﬁll characteristics and weight variations that
are necessary for direct compaction. There are plenty of approaches used
that evaluate ﬂowability, these include, the velocity of ﬂow, angle of re-
pose (AR), Jenike shear index, Carr's index and Hausner ratio.
In the present work, the combination ARwith compression degree
(Cp) according to F ¼ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
AR∗Cp
p
was used to characterize powder
ﬂowability (lower F value corresponded to increased ﬂow property).
AR and Cp were measured 3 times by a BT-1000 type instrument
(Dandong Baite Instrument Co. Ltd., Dandong, China).
AR was measured as the maximum angle between the horizontal
and the free surface of powder pile after a land slide has restored
the pile to a metastable equilibrium slope [17]. Cp was deﬁned as:
Cp ¼
ρt−ρbð Þ
ρt
 100% ð1Þ
where, ρb, bulk density (g∙cm−3); ρt, tapped density (g ∙cm−3).
2.2.2. Particle size distribution
Particle size distribution of all substances, including D10, D50 and
D90 was determined using the dry method three times (Mastersizer
2000, Malvern Instruments Ltd., England). The Span was obtained
from the following equation:
Span¼e
D90−D10
D50 ð2Þ
where D10, D50 and D90 were particle sizes (μm−1) for 10%, 50% and
90% of particles respectively.
2.2.3. Moisture content (MC)
The samples (1–3 g) were tested using the Sartorius MA35 instru-
ment (Sartorius scientiﬁc Instrument, Germany). Each sample was
placed on an aluminum pan and heated to 105 °C, except for Plasdone
S-630, whichwas heated to only 80 °C to prevent damage to themolec-
ular structure. The percentage of MC was computed until the weight
was constant. Each sample was tested three times.
2.2.4. Absolute density (ρa)
ρa was determined by helium pycnometry in triplicates upon ten
repetitive purges cycles (Micromeritics AcuuPyc™II1340,Micromeritics
Instrument Co., American).
2.3. Tablet preparation
The Korsch XP1 instrument (Korsch AG, Berlin, Germany) was
used and the selected substances were tableted with the speed of
10 strokes∙min−1. Inhomogeneity of stress delivery during the compac-
tion process may result in the density distribution gradient of the tablet
being decreased as ﬁlling height is increased. Therefore, the ﬁlling
depth was ﬁxed at 8.0 mm [18], and each material was compressed by
using four different pressures. Prior to compaction, the upper punch,
lower punch and die-wall were lubricated with a suspension of magne-
sium stearate in acetone (the contribution of magnesium stearate was
5 w/v%). Powder from each sample was needed to ﬁll into the feeder af-
terwards. Initially compressed tablets were abandoned because no signal
could be recorded before the data recording software (Pharmaresearch)
was initialized. The tablet was weighed and the mass (M) recorded
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Balance FA2104N, Shanghai Shengke Instrument Co. Ltd., China). The
sampleswere stored in a desiccator for 24 h. Then crushing force, dimen-
sions of thickness and height were determined using an instrument
(SOTAX HT 10, SOTAX Co., Switzerland). Tensile strength (TS) was calcu-
lated based on the following equation [19]:
TS ¼ 2F″=πDT ð3Þ
where TS is tensile strength in MPa, F″ is the crushing force in N, D is the
diameter in mm, and T is tablet thickness in mm.
2.4. Parameters for evaluating compression behavior
The following parameters were given by Extended Data Analysis
software after inputting the M, T, D.
2.4.1. Heckle equation
The Heckel equation was applied [20,21] to characterize compres-
sion properties and is stated as:
Ln
1
1−D ¼ kP þ A ð4Þ
D ¼ ρr=ρa ð5Þ
where A is a constant, ρr is relative density at pressure P (g∙cm−3), ρa is
absolute density (g∙cm−3). Yield pressure (YP) reﬂects plasticity and
was calculated from the reciprocal of the slope k by performing linear
regression in the compression phase, where the R2 value is above 0.999.
2.4.2. Esp
Esp represents the energy retained in the powder during unloading
[22] and was obtained from the following equation:
Esp ¼ Wnet
M
ð6Þ
where Wnet is the net work (J), i.e., the energy that remained after the
punch left the compact, andM is the tablet weight (g).
2.4.3. Plastic coefﬁcient (PL)
PL was applied, which evaluated plastic deformation [23] and was
calculated from the following equation:
PL ¼ Wnet
Wnet þWE
 100 ð7Þ
where PL is given as a percentage (%),Wnet is the net work (J), andWE
is the elastic work (J), i.e., energy loss during unloading.
2.4.4. Elastic coefﬁcient (E)
The E reveals energy loss and elastic recovery during unloading
[21] and was attained from the following equation:
E ¼ WE
W
 100% ð8Þ
where E is given as a percentage (%),WE is the elastic work (J) andW
represents compression work, which is composed of friction work,
net work, and elastic work.
2.4.5. Fast elastic stretch (FES)
FES describes the axial elastic recovery in a die [24] and was calcu-
lated from the following equation:
FES ¼ T1−T2ð Þ
T2
 100 ð9Þwhere FES is given as a percentage (%), T1 is the edge thickness of the
during unloading, and T2 represents edge thickness of the tablet at the
time of maximum pressure.
2.5. Canonical correlation analysis (CCA)
CCA evaluates the relationship betweenboth groups of variables and
was performed [25,26] in SPSS software (SPSS 15.0, IBM Corporation,
U.S.A.) using data from both physical properties (as “independent
variables”) and compression parameters (as “dependent variables”).
A new Syntax that was programmed as SET1 = x1 x2 x3 x4 x5 x6/
SET2 = y1 y2 y3 y4 y5 y6was set up, where X variable and Y variable
were physical properties and compression parameters, respectively.
The results were output after clicking on “Running → All” from the
menu and shown in Tables 1 and 2.
2.6. Factor analysis (FA)
FA was also performed by SPSS software using data derived from
compression parameters under four different pressures. This produced
a 360 data matrix. It was required that the data matrix is at least above
100 (ﬁve times greater than variables) and therefore FA was subject to
data reduction. Simultaneously, the correlation and partial correlation
of variables were tested by Bartlett's test of sphericity and Kaiser–
Meyer–Olkin (KMO) measurements. However, the coefﬁcients obtained
from the factor loading matrix (extracted by the principal components
method) did not give a signiﬁcant result. Consequently, the initial factor
loading matrix was rotated using the Varimax method with Kaiser Nor-
malization. The coefﬁcients were polarized from 0 to 1 (shown in Fig. 3)
and the factor loading matrix was obtained. The score coefﬁcient
matrix was derived from the estimation of regression. All selected
materials were sorted and ranked according to plastic deforming
behavior, which was assessed on the basis of the equation: F′ =
F1λ1 / (λ1 + λ2) + F2λ2 / (λ1 + λ2), where F′ is an integrated weight
and F1 and F2 are the corresponding variance contribution rate from
each common factor.
3. Results
3.1. Physical properties
Physical properties of all samples are listed in Table 1. According to F
values, three magnitudes of ﬂow property were arranged as follows:
N65, 50–65 and b50. Particle size ranged from 30 μm to 444 μm, Span
ranged from 1 to 15, MC ranged from 0.1% to 8% (except for Potato
Starch), ρa ranged from 1.1 g∙cm−3 to 3.0 g∙cm−3.
3.2. Canonical correlation analysis (CCA)
The correlation coefﬁcient matrix (Table 3) revealed: Cp correlated
highly with FES and Esp, ρa and D50 may have a connection with YP
and Esp, whileMC and Span showed no correlation. Six couples of ca-
nonical variables U and V were obtained from macro-process ﬁtting
methods from independent variables and dependent variables, re-
spectively. The canonical correlation coefﬁcients for the ﬁrst and the
second pair were above 0.8 and therefore signiﬁcant in accordance
with the Wilk's and Chi-SQ test. No other clear correlations were de-
termined (Fig. 1). Linear equations for canonical variables are given as
follows:
U1 ¼ −0:576Cp þ 0:741ρa−0:09MC þ 0:084Spanþ 0:111D50
þ 0:342F;
U2 ¼ 1:417Cp−0:760ρa−0:294MC−0:117Span−0:295D50−0:668F;
Table 1
Physical properties of different sample powders (results are measured in triplicate).
Materials AR,
°
ρb,
g·cm−3
ρp,
g·cm−3
Cp,
%
F ρa,
g·cm−3
MC,
%
Span D50,
μm−1
Avicel PH102 35.8 0.3499 0.480 27.16 62 1.5362 4.7 5.64 117.2
HFE102 33.7 0.406 0.518 21.54 54 1.5415 3.2 5.93 122.4
Prosolv Easytab 36.3 0.377 0.429 23.44 58 1.5738 4.9 2.01 105.0
Prosolv SMCC90 37.3 0.305 0.429 28.74 60 1.5618 4.6 6.36 118.5
Prosolv SMCC50 39.3 0.330 0.457 27.84 64 1.5607 3.6 6.36 56.3
Plasdone S630 40.6 0.2295 0.365 37.04 76 1.1099 5.6 8.76 30.3
Pearlitol 200SD-Mannitol 33.0 0.497 0.589 15.71 46 1.4626 0.2 7.39 112.5
Sweetpearl P300DC 33.0 0.613 0.710 13.63 42 1.5799 0.2 5.31 220.3
Flowlac100 21.3 0.627 0.714 12.23 32 1.5376 2.5 6.49 100.0
Emcompress 31.7 0.911 1.078 15.55 44 2.2991 5.0 3.74 194.2
Anhydrous Emcompress 30.7 0.743 0.924 19.52 49 2.7913 0.6 6.11 158.2
Starch1500 29.7 0.681 0.892 23.59 53 1.4852 7.3 5.58 93.8
Starcap1500 30.7 0.485 0.659 26.41 54 1.4902 8.4 7.24 78.1
Compactrol 41.0 0.924 1.175 21.4 59 2.309 0.1 4.39 269.0
KCl 30.5 1.103 1.226 9.95 35 1.9794 0.0 3.90 232.3
Tablettose100 37.0 0564 0.691 18.26 52 1.5292 3.7 13.74 79.1
Vivapress 39.3 0.889 1.070 16.96 52 2.616 0.3 2.44 444.4
Potato Starch 50.6 0.688 0.872 21.23 66 1.4738 16.02 1.15 42.3
Ac-Di-Sol SD711 39.6 0.458 0.697 34.31 74 1.6037 2.6 8.47 43.1
S.D.# b2.38 b0.009 b0.009 – – b0.0021 b0.5 – b2.9
S.D.#: maximum standard deviation of each parameter in column calculated from triplicate experiments.
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V2 ¼ 0:815PL−0:210Esp−0:209E−0:846FES−0:981 YP:
The correlation analysis showed that ρa in U1 correlated negative-
ly with PL and positively with YP in V1. In addition, Cp in U2 correlated
positively with PL, while negatively in V2, with FES and YP. It is still
not clear whether the other variables interrelated with compression
indicators in accordance with the selected samples.
3.3. Factor analysis (FA)
The KMO value was greater than 0.5 and the P value from Bartlett
Test of sphericity was below 0.01. These both suggest that the data
was applicable for FA. The extracted communalities for all the testing
variables were greater than 85%, which indicate useful values. As the
initial eigenvalues was more than 1 and the accumulative variance
was up to 86% (Table 4), it was inferred that two extracted factors
were enough to evaluate the deforming levels during the tableting pro-
cess. Component 1, loaded principally by Esp and FES variables and com-
ponent 2, loaded highly by E, PL, and YP variables, were deﬁned as
irreversible deformation and elastic deformation (Fig. 2). Both were
used to evaluate the overall plasticity for all materials.
A ranking classiﬁcation for materials according to the F′ value is
shown in Fig. 3, where a more negative value corresponds to greater
plastic deformation. Powders such as Vivapress, Compactrol, Anhudiys
Emcompress, Emcompress, Ac-Di-Sol SD711, Starch 1500 and Potato
Starch, were in the relatively lowest plasticity rank. In comparison, Starch
1500 and Starcap 1500were in the highest plasticity rank,which resulted
from the addition ofmaize starch; Flowlac100 and Tablettose 100 follow-
ed. Prosolv SMCC 50 had a decreased particle size and MC compared to
Prosolv SMCC 90, which resulted in lower plasticity. Prosolv Easytab, a
new co-processed product, demonstrated an improvement in plastic de-
formation. Polyols, which included both Pearlitol 200SD-Mannitol and
Sweetpearl P300DC, appeared to be in a middle grade of all samples;
the latter demonstrated better plasticity than the former. Overall, Avciel
PH102, KCl, Plasdone S630 and HFE PH102 displayed the best plasticity.
3.4. Tensile strength (TS)
The total set of materials was classiﬁed by three categories for TS,
shown in Fig. 4. Highly compactable samples included Prosolv SMCC90,HFE102, Prosolv Easytab, Avicel PH102, Prosolv SMCC50 and Plasdone
S-630. These gave rise to acceptable products even at low pressures;
Prosolv SMCC90 was the best compactable material below 200 MPa.
This was followed by the secondary compactable areas: Mannitol,
Flowlac100, KCl and Sweetpearl P300DC, which were also capable of
being compressed into qualiﬁed tablets, providing enough energy
(Esp N 12 J/g) was consumed and the pressure was above 150 MPa.
Other powders that consisted of the starches and mineral salts were
regarded as inferior compactable areas, which display extremely low
TS and insigniﬁcant changes with increasing pressure. Finally, powders
such as Plasdone s-630 and Flowlac100 did not demonstrate any
obvious variation tendency towards TS even at increased pressures
(PPlasdone s-630 N 110 MPa, PFlowlac100 N 205 MPa).
3.5. Tablet compression and physical property data interval
The compression data interval was established from the total data
from all the powders as sorted by plasticity. The physical property
data interval was built mainly from three components that correlated
with compression parameters. The radar map was plotted from calcu-
lating the logarithm of YP and Esp. A ten-fold increase of PL values
depicted the compression parameters for the various plastic deforma-
tions (Fig. 5). In describing the physical attributes of the samples, ρa
values of below 2.0 g·cm−3 displayed interval to highly and interme-
diately plastic behaviors, while ρa values of above 2.3 g·cm−3 were
regarded to display low plastic behavior. However, Cp and D50 values
overlapped into different classes (Fig. 6).
4. Discussion
4.1. Correlations between physical properties and compression parameters
In this study, we present various types of powders with different
physical properties. Although many papers have reported physical
properties of pharmaceutical materials such as particle size, F, MC or
Span is able to inﬂuence compressibility and compactability behavior
of powders [27,28], it remains uncertain how they are correlated.
Whereas, D50, Cp, and ρa for powders are related to compressibility
on the whole, naturally which is dependent on the type and number
of samples selected. The results cannot predict the effect of physical
properties of deﬁnite powder on compressible ability; instead they
Table 2
Pressure and descriptors for evaluating compression behavior (results are obtained
from analyzing ten recorded tablets).
Materials PL Esp E FES YP
Avicel PH102 0.98 13.916 0.97 3.913 62.1
Avicel PH102 0.97 22.412 1.58 6.509 72.5
Avicel PH102 0.95 29.003 1.97 8.407 75.7
Avicel PH102 0.92 35.860 2.87 9.215 84.0
HFE102 0.99 17.102 0.70 4.264 62.1
HFE102 0.98 24.203 0.96 6.483 69.9
HFE102 0.94 33.297 2.24 9.571 71.9
HFE102 0.9 38.574 3.60 10.954 81.3
Prosolv Easytab 0.96 14.860 1.89 8.646 61.7
Prosolv Easytab 0.95 18.030 2.26 6.357 70.9
Prosolv Easytab 0.93 21.240 2.91 8.144 74.1
Prosolv Easytab 0.88 26.180 4.34 10.305 78.1
Prosolv SMCC90 1.00 14.651 0.18 6.358 54.0
Prosolv SMCC90 0.94 22.560 2.23 6.594 73.5
Prosolv SMCC90 0.93 27.597 2.34 9.218 78.7
Prosolv SMCC90 0.80 35.184 6.01 15.406 81.8
Prosolv SMCC50 0.97 16.077 1.34 7.504 82.6
Prosolv SMCC50 0.95 22.186 2.29 7.816 74.1
Prosolv SMCC50 0.94 36.693 2.32 12.103 95.2
Prosolv SMCC50 0.88 42.743 4.65 14.021 99.9
Plasdone S630 0.99 19.207 0.58 9.604 31.4
Plasdone S630 0.94 25.604 2.84 12.226 37.6
Plasdone S630 0.94 25.560 2.84 10.570 39.1
Pearlitol 200SD-Mannitol 0.97 9.440 1.63 3.673 74.1
Pearlitol 200SD-Mannitol 0.95 18.500 2.04 5.296 90.9
Pearlitol 200SD-Mannitol 0.89 23.940 4.71 8.785 83.3
Pearlitol 200SD-Mannitol 0.82 33.980 7.28 14.362 105.3
Sweetpearl P300DC 0.95 7.567 2.21 0.785 81.3
Sweetpearl P300DC 0.94 11.611 2.50 3.933 83.3
Sweetpearl P300DC 0.88 15.178 5.14 5.623 90.1
Sweetpearl P300DC 0.85 17.694 6.43 7.611 94.0
Flowlac100 0.93 9.340 3.50 3.672 84.7
Flowlac100 0.92 17.030 3.42 6.061 94.3
Flowlac100 0.87 23.410 5.87 7.530 106.4
Flowlac100 0.81 31.340 8.27 11.352 126.6
Emcompress 0.91 6.815 3.49 3.553 126.6
Emcompress 0.91 8.948 3.19 5.108 147.1
Emcompress 0.81 13.460 7.22 7.564 169.5
Emcompress 0.75 16.549 10.69 9.857 161.3
Anhydrous Emcompress 0.96 6.132 1.89 4.379 188.7
Anhydrous Emcompress 0.88 10.862 4.97 5.876 344.8
Anhydrous Emcompress 0.91 16.069 4.05 8.898 370.4
Anhydrous Emcompress 0.78 25.985 10.17 12.051 416.7
Starch1500 0.94 17.419 3.50 9.738 90.1
Starch1500 0.93 28.392 3.48 11.775 89.3
Starch1500 0.92 35.717 3.89 12.867 88.5
Starch1500 0.82 48.041 7.10 19.126 123.5
Starcap1500 0.95 16.689 2.97 8.331 100.0
Starcap1500 0.94 24.780 3.39 9.279 102.0
Starcap1500 0.92 33.360 4.21 10.476 97.1
Starcap1500 0.90 38.120 4.46 13.374 86.3
Compactrol 0.88 5.219 5.91 4.337 144.9
Compactrol 0.84 7.494 7.36 4.661 166.6
Compactrol 0.81 12.352 8.64 9.037 169.45
Compactrol 0.80 14.871 9.77 10.454 161.3
KCl 0.96 8.616 2.06 2.093 45.4
KCl 0.95 12.520 2.53 2.850 58.5
KCl 0.88 15.460 4.99 4.314 88.6
KCl 0.87 16.470 4.68 6.819 217.4
Tablettose100 0.92 7.844 3.34 5.263 80.0
Tablettose100 0.88 12.142 4.97 5.809 98.0
Tablettose100 0.86 16.436 6.50 8.349 90.9
Tablettose100 0.83 19.137 7.65 9.246 92.6
Vivapress 0.88 1.827 3.80 3.747 256.4
Vivapress 0.80 4.269 4.63 6.219 333.3
Vivapress 0.78 8.159 11.53 8.550 370.4
Vivapress 0.74 11.179 14.33 11.383 344.8
Potato Starch 0.92 16.167 4.54 5.304 66.7
Potato Starch 0.86 14.682 7.90 7.456 53.2
Potato Starch 0.84 20.911 7.01 9.301 79.3
Potato Starch 0.76 22.955 9.35 13.434 91.7
Ac-Di-Sol SD711 0.93 22.220 4.51 11.531 232.6
Ac-Di-Sol SD711 0.91 30.680 5.71 14.049 204.1
Ac-Di-Sol SD711 0.91 41.600 5.71 15.242 222.2
Table 2 (continued)
Materials PL Esp E FES YP
Ac-Di-Sol SD711 0.86 55.210 8.36 15.996 204.1
S.D.# b 0.01 b 0.43 0.06 b 0.12 b 2.17
S.D.#: maximum standard deviation of each parameter in column calculated from ten
experiments.
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with compressibility.
4.2. Classiﬁcation of powders
To group the powders using FA, it was necessary that enough pa-
rameters from YP, PL, Esp, E and FES were selected and evaluated in
terms of plasticity and elasticity. The F′ values were calculated from
the indicators' variance contribution and represented the relative pro-
portion of plasticity in all deformation behaviors for each sample. In
conjunctionwith original data the ranking results are shown as follows:
4.2.1. Materials that exhibited high plasticity
Microcrystalline cellulose and co-processed cellulose excipients
exhibited low ρa, better ﬂuidity, relatively small particle size and lower
F′ values, which we interpreted as high plasticity. Although these pow-
ders show a certain degree of elastic strain, especially when loaded
heavily, they were capable of being compressed into tablets with high
TS, which might be attributed to low YP, low E, and high Esp. The results
obtained imply that irreversible deformation is the major compression
behavior [29]. The bundles of hollowandporousﬁberswithinmicrocrys-
talline cellulose during compression were susceptible to fracture and
crystal plane slipping, which resulted in a particularly large contact
area [30]. Moreover, the fast elastic stretchwas constrained by hydrogen
bonds that was strongly inﬂuenced by the water molecular in hollow
ﬁber [31,32]. These effects made a signiﬁcant contribution to the me-
chanical strength for Avicel PH102 and the other co-processed excipients
that were prepared from cellulose and due to the same principle com-
ponents, similar compressibility and compactability were displayed.
Mannitol and silicon dioxide in cellulose was added to HFE102 and
Prosolv SMCC90 [33], which appeared to increase compressibility and
compactibility, when compared to Avicel PH102. As a consequence of
siliciﬁcation and lower D50 and MC, Prosolv SMCC50 exhibited in-
creased functionality toward drug loading growth, higher rate disinte-
gration and lower sensitivity to moisture [34,35], yet demonstrated
more elasticity and relatively lower TSwhen compared to Avicel PH102.
The low F′ value obtained for KCl was typical for a material with
relatively high plasticity. The material was fragile and exhibited a ten-
dency to crack, presumably manifested by low YP (that increased in-
crementally with increasing stress), low E and low FES, hence it was
able to gain approximately 2 MPa TS at low pressure. However, as
powder volume decreased so too did the fracture ability of the crys-
tals, which was due to low Cp and relatively high ρa, until the plot of
TS versus pressure for KCl was almost level.
The Plasdone S-630 displayed low ρb and poor ﬂowability, which
could be ascribed to its very low D50 and hollow shell sphere struc-
ture. These parameters could lead to large increases in surface area
and contact area between particles [36], which resulted in enhancedTable 3
Correlation coefﬁcients matrix between physical properties and compression parameters.
TS PL Esp EL FLE YP
AR 0.0032 −0.1440 −0.0224 0.1808 0.1470 0.0190
Cp 0.2522 0.2990 0.5129 −0.2183 0.5333 −0.1185
ρtrue −0.2903 −0.4475 −0.4785 0.4104 −0.2388 0.8042
MC −0.0376 0.0280 0.2422 −0.0045 0.2686 −0.3738
Span −0.0996 0.0676 −0.1881 −0.0935 −0.2858 −0.1901
D50 −0.1913 −0.3935 −0.5292 0.3252 −0.3458 0.5353
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Fig. 1. Canonical correlations analysis and the results for the dimension reduction test.
(▲) The correlations of six pairs of canonical variables from all X-variables and Y var-
iables, (█). The Sig. evaluated by Wilk's and Chi-SQ.
Fig. 2. Rotated Component Matrix plot for the extracted component 1 and compo-
nent 2 from the compression parameters, where component 1 loaded by Esp, FES,
and component 2 by PL, E, and YP. Score Coefﬁcient Matrix, is expressed as:
X1 = −0.540Esp + 0.485FES + 0.146YP + 0.016PL + 0.027E; X2 = 0.380E + 0.380PL +
0.343YP − 0.133Esp + 0.041FES.
0
0.2
0.4
0.6
0.8
1
F'
 v
al
ue
s
Vivapress Com
pactrol
Starch 1500
Potato Starh
Em
com
press
Flow
w
lac100
Starcap 1500
Tablettose 100
Soft, highly plastic
Soft, plastic-brittle
Soft, Plastic-elastic
H H
Anhudriys Em
com
press
Ac-D
i-Sol SD711
52 X.H. Li et al. / Powder Technology 247 (2013) 47–54particle bonding and good compressibility. The low YP of Plasdone
S-630 further demonstrated high plastic deformation. It is therefore
feasible that Plasdone S-630 gained a low F′ value, which implies that
it could be used as a binder for direct tableting [37,38].
4.2.2. Materials that exhibited intermediate plasticity
F′ values for Sweetpearl P300DC and Pearlitol 200SD-Mannitol
were relatively low. They displayed similar ﬂowability, porosity changes
and deforming behavior during compression, although disparities in
physical properties such as particle size, Cp and crystal forms were
demonstrated [39,40]. Seemingly, the relatively lower D50 and higher
Cp for Pearlitol 200SD-Mannitol, compared with Sorbital, may have
contributed to plastic deformation and large contact areas, respectively,
which produced a higher TS. The parameter YP of both, which changed
with increasing pressure, was linked to the level of particle fracturing
in response to local stress. Therefore, YP can indicate plastic brittle
materials and which are likely to produce a smooth tablet surface.
Both granulation lactose and spray-dried lactose were classiﬁed as
materials with intermediate plasticity with brittle deformation char-
acteristics, which was reﬂected from the amorphous lactose. Flowlac
100 was composed from spherical particles of α-lactose monohydrate
and amorphous lactose [41], while Tablettose 100 was prepared from
crystallized aggregates of α-lactose monohydrate without amor-
phous lactose. We propose that these factors caused the deformed
plasticity and strong particle bonding [42]. It has been reported that
α-lactose monohydrate, in general, exists as multi-angular monocrys-
tals that are prone to cracking, owing to the extreme density of the
contact point and the sharp angles during compression [43]. The amount
of β-lactose formed [44] and the subsequent porosity of the particles, in
the production of manufactured granulation lactose, caused Tablettose
100 to deformmore readily than Flowlac 100 (relatively higher Cp com-
pared with Flowlac100).
The plasticity of amylose from the Potato Starch sample was evaluat-
ed [45]. We determined a very high Cp value, which in this instance pro-
vided a deﬁnition for a spurious phenomenon: high plasticity (low YP).
In fact, high F′ values demonstrated that plasticity was relatively low.
This could be due to the high elastic relaxation (high FES) and high elasticTable 4
Total variance explained for the extracted components by the FA model.
Component Initial eigenvalues Rotation sums of squared loadings
Total % of
variance
Cumulative % Total % of
variance
Cumulative %
1 2.619 52.372 52.372 2.425 48.500 48.500
2 1.687 33.750 86.122 1.881 37.622 86.122
3 0.534 10.680 96.803
4 0.099 1.976 98.778
5 0.061 1.222 100energy consumed (low Esp, high E) during unloading. Starch1500 re-
vealed improved ﬂowproperty and faster change in TSwith raising pres-
sure, compared with Potato Starch. However, the plastic deformation
was compensated by high elastic recovery (high FES and high E)
[46,47]. During the pre-gelatinizing process, agglomerates joined by
hydrolyzed starch and starch particles lead to very low TS [48]. In com-
parison with the former, Starcap 1500 exhibited better plasticity. This
perhaps stemmed from the addition of Corn Starch, which decreased
the elastic stretch. It seems to be paradoxical that the starch samples
all displayed high FES but low E. In fact, additional elastic energy stored
in the tablets was released by diametric recovery after ejection, and
thermal energy from friction between the tablet and die wall [49,45].
4.2.3. Materials that exhibited low plasticity
Inorganic salts that included Anhudriys Emcompress, Emcompress,
Vivapress and Compactrol exhibited good ﬂow property, which may
be associated with their high absolute density and large particle size
[50,51]. The tremendously highYP and low Esp suggest that primary gran-
ules are unable to break into secondary particles efﬁciently. Furthermore,-0.6
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53X.H. Li et al. / Powder Technology 247 (2013) 47–54the inorganic salts demonstrated high elastic stretch and elastic energy
consumption. Limited inter-particle contact was measured from the par-
ticle fracture [52,53], which resulted from the relatively high ρa and low
Cp. Consequently, they are best described as exhibiting low plasticity,
high elastic deformation and poor compactability [54].
The high F′ value of Ac-Di-Sol SD711 also led to poor plasticity,
low TS and large elasticity. The high YP coupled with high FES and E
resulted in fast elastic recovery while compressed. However, the poor
ﬂow property was likely to be the main reason for low plasticity. It has
been previously reported that the polymer, Ac-Di-Sol SD711, is a netlike
macromolecular structure that gives rise to an increase in intermolecular
repulsion force and elasticity [55].
We demonstrate that the plasticity rank was not in good agreement
with the corresponding TS and pressure plots, which imply that plastic-
ity is a requirement for adequate or qualiﬁed compactability but not
vice versa. It is understood that plasticity is only able to shed light on
volume reduction, porosity changes andwhether amaterial is equipped
for the ability to form a tablet during compression, due to factors such as
processing pressure, elastic punch shape, viscosity and even die recov-
ery from changes to the storage environment. The corresponding ρa,
Cp and D50 for the various deformedmaterials used in this study appear
to showgrade intervals, although some areaswere overlapped between
the intervals, which imply that while physical properties correlated
with compressibility, materials with different plastic deformations
shared physical characteristic such as ρa, Cp and D50.
The type of crystal, lattice and surface energy together with other
factors need to be considered when predicting compression behav-
iors for pharmaceutical powders. Accordingly, the physical data inter-
val in combination with the compressible data interval may provide
the necessary information in determining the expected excipients, ana-
lyzing compression behaviors for a pure powder or multi-elementmix-
ture and design formulation.
5. Conclusion
This study has shown that ρa and D50 correlated with YP and FES
positively but negatively with PL, and Cp was positively linked with
PL but negatively with YP and FES. These materials displayed different
compression behaviors, which were classiﬁed and ranked according
to plastic deformation. Each category was further sorted based on
the original compaction data analysis. We regarded that FA combined
54 X.H. Li et al. / Powder Technology 247 (2013) 47–54with compression parameters represent a plausible method for the
characterization of deformation mechanisms. Our plasticity ranking
was consistent with that reported in the literature, which implies
that compression deformation intervals can be constructed from original
data. It is difﬁcult to establish a generalized or common physical data in-
terval that corresponds to a speciﬁc deforming behavior, which is be-
cause materials with different deformations may present the same or
inconspicuous physical characteristics. However, compression and phys-
ical ranges of different deformations will assist further evaluation of de-
formation behavior during compression and tablet formulation design.
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